ABSTRACT. In the 2000s, radiocarbon in dissolved inorganic carbon was measured during 7 revisit cruises along the lines of the World Ocean Circulation Experiment in the Pacific Ocean. Comparison of 14 C data along these lines from the 1990s and 2000s revealed decadal changes of 14 C concentration in the thermocline, most of which were due to temporal changes in the bomb-produced 14 C. Vertical profiles and vertical-integrated inventories of the bomb 14 C in the subarctic and equatorial regions did not change appreciably. In the southern subtropical region, 14 C decreased in the upper thermocline from the surface to ~500 m depth. In contrast, 14 C increased in the lower thermocline below ~500 m depth. The opposing directions in 14 C change resulted in small temporal changes in the total inventory of bomb 14 C. On the other hand, the water-column inventory significantly decreased in the northwestern subtropical region due to the 14 C decrease in the upper thermocline. These decadal changes in bomb 14 C indicate that the turnover time of thermocline circulation in the northwestern subtropical region is faster than that in the southern subtropical region, and imply an interbasin transport of bomb 14 C from the North Pacific to other basins.
INTRODUCTION
Bomb-produced radiocarbon (bomb 14 C) derived from nuclear weapons tests in the troposphere primarily in the late 1950s and early 1960s is an ideal tracer of air-sea gas exchange and the thermocline circulation in the ocean. All 14 C in the ocean has entered from the atmosphere through the carbon dioxide (CO 2 ) gas exchange in surface water. The 14 C in dissolved inorganic carbon (DIC) in surface water then penetrates into the ocean interior by water advection and diffusion. The first global survey of oceanic 14 C during the Geochemical Ocean Section Study (GEOSECS) in the 1970s Stuiver and Östlund 1980, 1983) revealed a global distribution of bomb 14 C and the global annual mean of CO 2 air-sea exchange rate (Broecker et al. 1985) . Meanwhile, Hesshaimer et al. (1994) pointed out that the total amount of bomb 14 C determined from the GEOSECS 14 C data might be an overestimate. 14 C measurements during the World Ocean Circulation Experiment (WOCE) in the 1990s (Key et al. 2004 ) have also suggested overestimation of the bomb 14 C inventory, and, therefore, the air-sea exchange rate derived from the GEOSECS 14 C data (Peacock 2004; Naegler and Levin 2006; Sweeney et al. 2007; Naegler 2009 ).
Although there is uncertainty as to the total inventory of bomb 14 C in the whole ocean, the bomb 14 C has provided information about the thermocline circulation in the ocean. The GEOSECS data showed that the bomb 14 C concentrations at stations in the equatorial regions, high-latitude zones around the Antarctic, and the northern North Pacific were lower than those at stations in the subtropical and northern North Atlantic areas. The explanation for this meridional pattern is that bomb 14 C entering regions dominated by upwelling is transported meridionally to areas dominated by downwelling (Broecker et al. 1985 (Broecker et al. , 1995 . The oceanic 14 C measurements during WOCE in the 1990s indicated that the water-column inventory of bomb 14 C increased in the subtropical area and decreased in the subarctic and subantarctic regions between the 1970s and 1990s (Key et al. 2004) , which also supports the transport of bomb 14 C from high latitudes to temperate regions along the thermocline circulation. In addition, based on water-column inventories of bomb 14 C, Broecker et al. (1995) suggested that the bomb 14 C was transported from the Pacific into the Indian Ocean along the Indonesian Throughflow, which was supported by a model study for bomb 14 C in the Pacific Ocean (Rodgers et al. 2000) . (Figure 1) . Concentrations of 14 C in DIC in seawater samples collected during the 7 cruises were measured. Decadal changes in 14 C along the WHP-P06 line in the southern subtropical region between 1992 and 2003 have already been discussed by Kumamoto et al. (2007 Kumamoto et al. ( , 2011 . A comparison of 14 C levels showed that 14 C decreased in the upper thermocline from the surface to ~500 m depth and increased in the lower thermocline below ~500 m depth, which agrees well with the results from a 14 C comparison along a meridional line of the WHP-P16 (152W) in the South Pacific (Jenkins et al. 2010) . Kumamoto et al. (2011) concluded that bomb 14 C slightly increased between 1992 and 2003. Earlier, Kumamoto et al. (2004) reported decadal changes in 14 C along the WHP-P17N line in the northeastern subarctic between 1993 and 2001. In this study, we evaluate decadal changes in the bomb 14 C along the other 5 WHP lines from the 1990s to 2000s and discuss basin-scale temporal change in bomb 14 C in the Pacific Ocean, which will contribute to progress in studies of air-sea gas exchange and thermocline circulation in the ocean.
METHODS
Sampling stations for 14 C measurement during the 7 cruises in the Pacific Ocean are shown in Figure 1 . Seawater samples were collected from the surface to near bottom layer at 226 stations using 12-L Niskin-X bottles (General Oceanics Inc., USA) equipped with a CTD system (SBE11plus, Sea-Bird Electronics, Inc., USA). The total number of 14 C samples was about 7200, including about 500 replicate pairs. The carbon isotopic ratio, 14 C/ 12 C, was measured using accelerator mass spectrometry (AMS) at the Institute of Accelerator Analysis Ltd in Shirakawa, Japan (using a Pelletron 9SDH-2, National Electrostatics Corporation [NEC], USA), Paleo Labo Co. Ltd in Kiryu, Japan (using a Compact-AMS, NEC, USA), Japan Atomic Energy Agency (JAEA)-Tandetron in Mutsu, Japan (using a 3MV Tandetron AMS, High Voltage Engineering Europa BV, the Netherlands), and National Institute for Environmental Studies (NIES)-TERRA in Tsukuba, Japan (using a Pelletron 15SDH-2, NEC, USA). The results of 14 C measurements are expressed as  14 C, calculated by the following:
(1)
where R sample and R standard denote the 14 C/ 12 C ratios of the sample and the international standard, NIST oxalic acid SRM4990-C (HOxII), respectively. R standard was corrected for decay since AD 1950 (Stuiver and Polach 1977; Stuiver 1983) .  13 C is derived from 13 C/ 12 C ratios of the sample and the standard, and measured using a mass spectrometer (Finnigan MAT252, Thermo Fisher Scientific Inc., USA). Finally, the  14 C value was then corrected for 14 C decay between the sampling and measurement dates. According to the results from the pairs of replicate samples, the error (standard deviation) of  14 C analyses was calculated to be 4‰. The  13 C and  14 C data from WHP-P17, P06, P03, and P10 cruises are available at our web page, http://www.jamstec.go.jp/iorgc/ocorp/data/ post-woce.html. Those from the other 3 cruises will be published on the web page soon.
14 C in the ocean has 2 sources, bomb 14 C produced by the nuclear weapon tests, and natural 14 C, produced by cosmic rays in the atmosphere. We cannot distinguish the two by using analytical chemistry. The  14 C from nuclear weapons tests (bomb 14 C) was calculated from the difference between the measured and natural  14 C values:
Observational data of natural 14 C (i.e. 14 C data from before the start of nuclear weapons tests) are not sufficient for calculation of the bomb 14 C. In this study, the natural  14 C (‰) values were calculated from the potential alkalinity and dissolved oxygen using an equation from Sweeney et al. (2007) . The error in the natural  14 C estimation was calculated to be ~9‰ from the standard error of a line fitting between the natural and measured  14 C in layers deeper than 1500 m where bomb  14 C probably had not yet penetrated. Then, bomb  14 C (‰) was converted to the concentration of bomb 14 C (atoms m -3 ). The bomb 14 C error was calculated to be ~2 × 10 10 atoms m -3 , including errors due to 14 C measurement and natural  14 C calculation. The total error in the vertical water-column inventory of bomb 14 C (atoms m -2 ) was ~10 × 10 12 atoms m -2 . These errors are the lower limits since inherent uncertainties in the natural  14 C calculation were not taken into account.
RESULTS
Figure 2 shows 3 zonal and 4 meridional sections of bomb  14 C (‰) from the surface to 1600 m depth along the WHP-P01, P03, P06, P10, P14, P17N, and P21 lines. The longest meridional section along the WHP-P14 line clearly indicates that bomb 14 C accumulated in the northern and southern subtropical regions. In addition, the vertical profiles in the subtropical regions are characterized by subsurface maxima between about 200 and 300 m depths, which also can be identified in the zonal sections along the WHP-P03, P06, and P21 lines. Along the zonal sections of WHP-P21, the upwelling of deeper waters in which concentration of bomb 14 C is low resulted in shallower penetration depths of bomb 14 C at the eastern stations than those at the western stations. The shallow pen-etration was also observed at the easternmost stations both along the WHP-P03 and WHP-P06 lines. However, bomb 14 C along the WHP-P06 line in the southern subtropical region was accumulated at stations in the eastern part of the section. These distributions of bomb 14 C are primarily controlled by ocean circulation rather than air-sea gas exchange (Graven et al. 2012 ).
The vertical water-column inventory of 14 C (atoms m -2 ) was calculated from the concentration of 14 C (atoms m -3 ) derived from  14 C (‰). Figure 3 shows the inventory of bomb 14 C at each station along the 4 zonal WHP lines in the 2000s. For comparison, we also show the inventories in the 1990s at the nearest stations, which is from historical 14 C data obtained during cruises of the WHP (Key et al. 2004) , the North Pacific Carbon Cycle Study (Watanabe et al. 1999) , and JAMSTEC (Kumamoto et al. 2002) . Kumamoto et al. (2011) pointed out that the basin-scale mean of the inventory along the WHP P06 line in the southern subtropical region slightly increased probably due to increases at stations in the eastern part of the line. However, there were a few stations where a significant increase in the inventory was observed between the 1990s and 2000s (Figure 3d ). Along the other 3 zonal lines, significant changes in the inventory were not observed except for decreases at stations in the western part of the WHP-P03 line (Figure 3b ) and in the center of the WHP-P21 line (Figure 3c ).
The decadal decrease in bomb 14 C inventory was also observed at stations along the 3 meridional lines (Figure 4 agrees well with results from the western region of the WHP-P03 line during nearly the same period ( Figure 3b ). The decadal decrease of inventory also appeared in the subtropical region of the North Pacific (30N) along the WHP-P14 line (Figure 4b ). It should be noted that the decline of bomb 14 C was not obvious in the subtropical region of the South Pacific, which also agrees with what was observed along the WHP-P06 line (Figure 3d ). We compared vertical profiles of  14 C (‰) from the 1990s to 2000s ( Figure 5 ). If the temporal variation in natural 14 C is small, the difference in the 14 C vertical profile between the 1990s and 2000s would indicate a decadal change in bomb 14 C only. At stations in the western subarctic and western equatorial regions, the difference in the vertical profile of  14 C was small (Figures 5a and 5b ). These small differences in the vertical  14 C profile resulted in small decadal changes in the bomb 14 C inventory in the western subarctic ( Figure 3a ) and western equatorial (Figure 4c) regions. In contrast, as pointed out by Kumamoto et al. (2011) , in the southern subtropical region  14 C decreased in the upper thermocline from the surface to ~500 m depth and increased in the lower thermocline below ~500 m depth (Figures 5c and 5d ), which also resulted in a small decadal change in the watercolumn inventory (Figures 3d and 4b ). In the northwestern subtropical region,  14 C decreased in the upper thermocline (Figures 5e, 5f , 5g, and 5h) as same it did in the southern subtropical region ( Fig ures 5c and 5d). In the lower thermocline, however, the decadal change in the  14 C vertical profile was small. Therefore, the vertical inventory of bomb 14 C significantly declined in the northwestern subtropical region between the 1990s and 2000s (Figures 3b, 4b , and 4c).
We also compared dissolved oxygen concentrations along the 7 WHP lines in order to estimate temporal changes in the natural 14 C that was calculated using concentrations of dissolved oxygen, nutrients, and alkalinity. Along the WHP-P03, P06, P10, and P14 lines, large oxygen changes were not observed between the late 1980s/early 1990s and 2000s (Kouketsu et al. 2010; Kumamoto et al. 2011) . Moreover, temporal changes in oxygen concentration at stations along the WHP-P21 line and western stations along the WHP-P01 line between the 1990s and 2000s were small (not shown). These small changes in oxygen content imply that the temporal changes in natural 14 C were negligible at most of the stations in the Pacific Ocean between the 1990s and 2000s. A direct comparison of  14 C 14 C at stations along the WHP-17N line showed a decrease in  14 C between 1993 and 2001 (Kumamoto et al. 2004 ). The small temporal changes in bomb 14 C inventory along the WHP-17N line ( Figure 4a ) therefore indicate decreases in the natural 14 C due to a decrease of oxygen concentration. In fact, oxygen concentration significantly decreased in the upper thermocline at these stations along the WHP-P17 line between 1993 and 2001 (Kumamoto et al. 2004 ).
DISCUSSION
New oceanic 14 C data obtained in the 2000s revealed basin-scale temporal changes in bomb 14 C in the Pacific Ocean between the 1990s and 2000s. In the southern subtropical region, the decrease in the upper thermocline and the increase in the lower thermocline canceled out each other and resulted in a small decadal change in the vertical inventory (Figure 3d ). The small temporal variation in the 14 C vertical profile caused a small change in the vertical inventory of bomb 14 C in the western equatorial region (Figure 4c ). The behavior of bomb 14 C, however, is uncertain in the eastern equatorial region where  14 C was not measured in the 2000s. Bomb 14 C decreased in the northwestern subtropical region, approximately 20-30N and 130-180E (Figures 3b, 4b , and 4c). However, the change in the eastern subtropical region of the North Pacific is uncertain again due to limited  14 C data in the 2000s. Decadal variation in bomb 14 C in the subtropical and equatorial regions in the eastern North Pacific will be discussed using 14 C measurements from the US Global Ocean Carbon and Repeat Hydrography program, which re-occupied the WHP lines P02 (30N), P16 (152W), and P18 (103W).
In the subarctic region of the North Pacific, the decadal changes in bomb 14 C inventory were small (Figures 3a, 4a, and 4b) . In the eastern subarctic region, however,  14 C decreased significantly due to the decrease in natural 14 C (Kumamoto et al. 2004) . Kouketsu et al. (2010) reported a decadalscale oscillation of oxygen concentration in the upper thermocline along the WHP-P01 line in the subarctic region, which was probably derived from climate variability in the North Pacific (Deutsch et al. 2006; McKinley et al. 2006) . Evaluating the bomb 14 C inventory in the subarctic region in the North Pacific involves a larger uncertainty due to the assumption made with the separation method between the natural and bomb 14 C.
The difference in decadal changes of vertical-integrated bomb 14 C between the northwestern and southern subtropical regions simply indicates that the turnover time of lower thermocline circulation in the northwestern subtropical region is faster than that in the southern subtropical region. The bomb 14 C concentration in the atmosphere was highest in the mid-1960s. In surface seawater, the bomb 14 C peak appeared in the mid-1970s, about 10 yr after the atmospheric peak because of the time required for the air-sea gas exchange. Then, the bomb 14 C peak penetrated into the ocean inte-rior gradually. Therefore, the increasing trend in bomb 14 C between the 1970s, 1990s, and 2000s in the lower thermocline of the southern subtropical region (Figures 5c and 5d) indicates that the bomb 14 C peak has not yet reached there. On the other hand, the 14 C increase between the 1970s and 1990s and the small change between the 1990s and 2000s in the lower thermocline of the northwestern subtropical region (Figures 5g and 5h) imply that the peak passed through there between the 1970s and 1990s or 2000s.
The asymmetry in the turnover time derived from bomb 14 C is consistent with a horizontal distribution of "water age" in the Pacific Ocean. Fine et al. (2001) reported "water age" estimated from chlorofluorocarbon concentration in the lower thermocline. The "water age" map clearly shows that the "younger" waters spread more equatorward in the western North Pacific than those in the South Pacific and eastern North Pacific, which suggests that the Sea of Okhotsk is an important location for ventilation processes of intermediate waters in the North Pacific (Warner et al. 1996) . It is worth noting that the meridional overturning circulation in the Pacific Ocean thermocline varied on a decadal timescale ( 
